Present investigation is aimed to explore the single crystal growth, microhardness and third order nonlinear optical (TONLO) properties of Nd 3+ doped zinc tris-thiourea sulphate (ZTS) crystal. The commercial slow solvent evaporation technique has been chosen to grow a good quality ZTS (12 mm × 0.5 mm × 0.3 mm) and Nd 3+ doped ZTS (11 mm × 0.6 mm × 0.4 mm) single crystals. Vickers microhardness test has been employed to analyze the influence of Nd 3+ dopant on the hardness behavior of ZTS single crystal. The TONLO effects occurring in Nd 3+ doped ZTS single crystal have been evaluated by means of Z-scan technique using a He-Ne laser operating at 632.8 nm. The close and open aperture Z-scan configuration have been used to determine the nature of TONLO refraction n 2 and absorption β, respectively. The magnitudes of vital TONLO parameters, such as refraction n 2 , absorption coefficient β, figure of merit and susceptibility χ 3 of the Nd 3+ doped ZTS single crystal, have been determined using Z-scan transmittance data. The n 2 , β, and χ 3 of Nd 3+ doped ZTS single crystal were found to be of the order of 10 −10 cm 2 /W, 10 −6 cm/W and 10 −5 esu, respectively.
Introduction
The rigorous development in semiorganic nonlinear optical (NLO) thiourea metal complex (TMC) crystals has aroused the interest of research community as they offer excellent characteristics when compared with organic and inorganic counterparts. Currently, the NLO crystals are mainly processed for using in designing of distinct optoelectronic and photonic devices [1] [2] [3] . In the past few years a large range of TMC crystals have been reported and extensively studied by many researchers [4] [5] [6] [7] [8] . Amongst all reported TMC crystals, the zinc tris-thiourea sulphate (ZTS) crystal reveals higher second harmonic generation (SHG) efficiency and unique structural symmetry (orthorhombic crystal structure and Pca2 1 * E-mail: loganees@gmail.com noncentrosymmetric space group). In addition, ZTS crystal exhibits outstanding physical, electrical, mechanical and thermal properties [9] [10] [11] , which are vital parameters desired for processing and designing hi-tech optical devices. Recently, many research groups have aimed to grow excellent quality ZTS crystals and immense attention has been paid to enhance their performance. Several studies reported that doping of specific additive have significant impact on inherent properties of ZTS crystal [12, 13] . The doping effect of lithium, sodium, manganese, cadmium, nickel, magnesium, cesium, aluminum and antimony on different traits of ZTS crystal has been reported in literature [14] [15] [16] [17] [18] [19] [20] [21] . Very recently, our research group has informed about the promising effect of Nd 3+ on crystal growth, structural, optical and electrical properties of ZTS crystal [23] . However, up to now, the hardness and third order nonlinear optical properties of Nd 3+ doped ZTS crystal, which are vital for construction of photonic devices, have not been reported. The current extended studies of Nd 3+ doped ZTS crystal involved crystal growth as well as microhardness and Z-scan studies. 
Experimental

Starting materials
Synthesis and crystal growth
The host material of ZTS crystal complex has been synthesized by dissolving AR grade zinc sulphate (1 mol) and thiourea (3 mol) in double distilled water. The solution was agitated continuously for four hours and ZTS crystal complex has been obtained according to the reaction:
The purity of the ZTS crystal has been achieved by successive recrystallization process. In order to dope Nd 3+ into ZTS crystal 2 mole of Nd 2 O 3 was weighted using electronic balance and gradually added to the supersaturated solution of ZTS material. The Nd 2 O 3 added ZTS solution was agitated to achieve homogeneous doping of Nd 3+ throughout the solution. The Nd 3+ doped ZTS (Nd-ZTS) solution was filtered in a beaker and kept for slow evaporation in a constant temperature bath at 36°C (±0.01°C). The ZTS crystal of dimensions 12 mm × 0.5 mm × 0.3 mm and Nd-ZTS crystal of dimensions 11 mm × 0.6 mm × 0.4 mm have been grown as depicted in Fig. 1a and Fig. 1b , respectively.
Results and discussion
The hardness is an essential physical parameter as far as polishing and processing of crystal is concerned. It definitely limits the wastage of crystal material and favors the commercial fabrication of various devices [24] [25] [26] . The intrinsic (heat of formation, interatomic bonding, internal lattice energy and Debye temperature) [27] and extrinsic (solvent inclusions, defects, impurity vacancy, dislocations and low angle grain boundaries) [28] factors are the decisive parameters influencing hardness of a material. The Vickers microhardness test has been employed to explore the effect of Nd 3+ on the hardness of ZTS crystal using a Shimadzu HMV-2T microhardness analyzer. The hardness properties are connected with anisotropic nature along different crystal planes The effect of applied load on crystal surface may evolve in two ways (a) the hardness decreases with an increase in load, which is known as normal indentation size effect (NISE) phenomenon, and (b) the hardness increases with an increase in load, which is known as reverse indentation size effect (RISE) phenomenon [29] . In present analysis, the surface of pure and Nd-ZTS crystal was exposed for a period of 10 seconds to increasing load (25 g, 50 g and 100 g) and the diagonal length of the indentation was measured to calculate the hardness (H v ) along the selected surface. The H v of the grown crystals has been evaluated using the equation:
where P is the applied load in kg and d is the diagonal length of indentation in mm [30] . The variation of hardness with applied load is shown in Fig. 2a . It is observed that the hardness of the grown crystal increases with an increase in applied load due to the RISE phenomenon. The analysis reveals that the Nd-ZTS crystal exhibits higher hardness in comparison to ZTS crystal which indicates that doping of Nd 3+ significantly enhanced the threshold of dislocation density of ZTS crystal and minimized the effect of lattice imperfections [31] . The increased hardness confirms the superiority of Nd-ZTS crystal over ZTS and evidences that the wastage of Nd-ZTS crystal will be minimum during polishing and processing of the material before subjecting it to practical device fabrication as observed in several doped crystals [32, 33] . In the material two consecutive atoms are hold by a mutual bond whose strength can be identified by evaluating the elastic stiffness coefficient (C 11 = H v 7/4 ) of the material [34] . The variation of elastic stiffness with reference to the applied load is shown in Fig. 2b . It reveals that this magnitude for pure and Nd-ZTS crystals increases with the load confirming that the dopant Nd imparts a positive effect on improving the hardness parameters of ZTS crystal. The thorough understanding of third order nonlinear optical (TONLO) behavior of discrete materials (organic, inorganic, semiconductors and nanoparticles) is absolutely demanded for development and designing of advanced photonic devices [35] . In current era of technology, the Z-scan is found to be the most influential, sensitive and potential technique, developed by Bahae et al. [36] , to explore the TONLO refraction n 2 , susceptibility χ 3 and absorption coefficient β of material. The Z-scan experimental setup was designed using the optics with parameters as tabulated in Table 1 and its schematic diagram is shown in Fig. 3 . In present Z-scan analysis, the polished crystal sample of 0.5 mm thickness was mounted on the sample holder positioned at the focus (Z = 0). The sample was later moved along the beam irradiation path (i.e. Z-direction) and the transmitted intensity from the crystal was recorded using the photodetector placed at far field. The transmitted optical signal from Nd-ZTS crystal sample recorded with close aperture of detector is shown in Fig. 4a . It reveals that the Nd-ZTS crystal offers the prefocus valley to post-focus peak phase change in TONLO refraction n 2 . It confirms the occurrence of positive refraction nonlinearity in Nd-ZTS crystal which is primarily attributed to material exhibiting self-focusing character [37, 38] . The TONLO refraction in material is governed by the phenomenon of localized absorption of incident optical beam of high frequency, giving rise to thermal lensing effect (spatial distribution of energy along the crystal surface) [39] [40] [41] . The positive refraction nonlinearity of high magnitude leads to Kerr lens modelocking (KLM) whose ability is highly desirable for shorter pulse generation and laser stabilization systems [42, 43] . The dependence of peak to valley transmittance ∆T p−v in terms of on axis phase shift ∆Φ is expressed as [36] :
where S = [1 -exp (-2r 2 a /ω 2 a )] is the aperture linear transmittance, r a is the aperture radius and ω a is the beam radius at the aperture. The value of n 2 has been calculated using the equation [36] :
where K = 2π/λ (λ is the laser wavelength), I 0 is the beam intensity at the focus, L eff = [1 -exp(-αL)]/α, is the effective thickness of the sample depending on linear absorption coefficient α and L is the thickness of the sample. The magnitude of n 2 was found to be of order of 10 −10 cm 2 /W. The open aperture Z-scan analysis gives the precise idea of TONLO absorption tendency of the grown crystal. The recorded open aperture Z-scan curve of Nd-ZTS crystal is shown in Fig. 4b . The analysis of the plot reveals that when the sample reaches the focus point the propagation of light through the signal increases leading to high transmittance at the focus. This confirms the presence of saturable absorption (SA) effect in the grown crystal [44] . The increase in transmittance at the focus is facilitated by the dominance of ground state linear absorption over the excited state absorption [45, 46] . The TONLO absorption coefficient β of the grown crystal has been evaluated using the following equation [36] :
where ∆T is the one valley value at the open aperture Z-scan curve. The β of Nd-ZTS crystal was found to be of order 10 −6 cm/W. The Nd-ZTS crystal with significant SA effect might serve as a potential candidate for designing Q-switching elements for lasers [47] . The χ 3 was calculated using the following equations [36] : where 0 is the vacuum permittivity, n 0 is the linear refractive index of the sample and c is the velocity of light in vacuum. The polarizing ability of the material is the most decisive parameter which is proportional to the high magnitude of TONLO susceptibility χ 3 of the material [48] . The χ 3 of the grown crystal was found to be of the order of 10 −5 esu. The high magnitude of susceptibility might have been attributed to the enhanced charge transfer and delocalization of π-electrons due to incident optical energy [48] [49] [50] . The materials exhibiting figure of merit (FOM) less than 1 have very high credibility for designing photonic devices [51, 52] . The FOM of Nd-ZTS crystal has been evaluated using the relation [53] :
The FOM of Nd-ZTS crystal was found to be 0.46 which confirms its suitability to photonics device applications. The TONLO properties of the grown crystals were systematically compared and tabulated in Table 2 .
Conclusions
Optimum size pure and Nd-ZTS single crystals have been grown by slow solvent evaporation technique at temperature of 36°C. The microhardness study and Z-scan analysis of Nd-ZTS crystal have been successfully accomplished. The microhardness analysis revealed that the Nd-ZTS crystal has higher dislocation density threshold as compared to ZTS, resulting in high hardness of Nd-ZTS crystal. The enhanced elastic stiffness coefficient confirmed the strong interatomic bonding in Nd-ZTS crystal. The close and open aperture Z-scan analysis confirmed the potential TONLO behavior of Nd-ZTS crystal. The Nd-ZTS crystal was found to be an important material exhibiting self-focusing tendency, i.e. positive refraction nonlinearity due to thermal lensing effect. The magnitude of n 2 of Nd-ZTS crystal was found to be 8.27 × 10 −10 cm 2 /W. The dominance of linear absorption coefficient over the excited state absorption led to SA effect in Nd-ZTS crystal and the TONLO absorption coefficient β was found to be 6.10 × 10 −6 cm/W. The susceptibility of Nd-ZTS crystal was found to be as high as 3.87 × 10 −5 esu which resulted from the enhanced charge transfer facilitated by delocalization of π-electron. The magnitude of FOM of Nd-ZTS crystal was determined to be 0.46 which confirms the dominating effect of n 2 over β. The excellent third order nonlinear optical nature of Nd-ZTS crystal confirms its potential reliability for using in designing photonic devices.
